Abstract. An inbred line of the African malaria vector Anopheles gambiae is refractory to development of malaria parasites. It is homozygous for a 4.3-kb Sal I restriction fragment at the Dox-A2 locus, whereas the parent population is polymorphic at this locus, and a susceptible line is homozygous for an alternate 3.85-kb fragment. The Dox-A2 locus is located in the middle of chromosome 3R, in division 33B, and is tightly linked to a cluster of genes including Dopa decarboxylase that are involved in the production of melanin. Because the refractoriness phenotype, melanotic encapsulation of ookinete/oocysts, might involve activation of or alteration in one or more of these genes, we performed genetic crosses to determine whether a previously identified Plasmodium cynomolgi Ceylon refractoriness gene, Pif-C, is linked to Dox-A2. Backcross mosquitoes fed on one infected monkey developed infections of Յ 100 oocysts. About 50% of these mosquitoes appeared phenotypically refractory, as expected for the backcross performed, but gave slight evidence of linkage between a refractoriness gene and Dox-A2. In contrast, females fed on a monkey that yielded higher infection levels, up to Ͼ 300 oocysts, showed clear evidence of linkage between a refractoriness gene and Dox-A2. We conclude that this Dox-A2-linked refractoriness gene is expressed under conditions particular to the higher infection levels, or that environmental factors obscured the genetic effect of this gene at lower infection levels.
Mosquitoes of an inbred line of Anopheles gambiae selected by Collins and others 1 are highly refractory to development of a large number of malaria species and strains including Plasmodium cynomolgi Ceylon, and P. cynomolgi B. In these refractory mosquitoes, late ookinetes or early oocysts become encapsulated in melanotic structures on the midgut and subsequently die. [1] [2] [3] Vernick and others 4 found that an autosomal gene, the Plasmodium infectivity factorCeylon strain (Pif-C), is involved in refractoriness to this malaria parasite. The refractory allele is incompletely recessive in that a few F 1 individuals encapsulate some oocysts when infection levels are high. In addition, the line is fixed for a refractoriness allele at an unlinked autosomal locus, Pif-B, which confers a semi-dominant refractoriness to the B strain of P. cynomolgi. The Pif-B gene also functions as an enhancer of Pif-C R refractoriness, since females lacking a Pif-B R allele are unlikely to encapsulate all infecting oocysts. The Pif-B R gene appears linked to alleles at two esterase loci associated with the second chromosome inversion 2La. 5, 6 More recently, quantitative trait loci (QTL) involved in P. cynomolgi B refractoriness were mapped in a reselected refractory strain, L35. 7 Three loci were identified, Pen1, a major locus on distal chromosome 2R, probably in cytogenetic division 8, Pen2, a minor locus on distal chromosome 3L near division 43, and Pen3, a more minor locus located proximally on 2R. None of these loci corresponds to the originally inferred Pif-B. Possibly reselection of the refractory line resulted in fixation of different refractoriness alleles, or Pif-B R is also homozygous in the reselected susceptilble strain, 4arr, used in these crosses.
Melanotic encapsulation of parasites and pathogens is a widespread insect defense mechanism. 8, 9 Encapsulation can be either a cellular or humoral process. Histochemical analysis has shown that capsules found in insects that have few circulating hemocytes are composed of a protein-polyphenol complex produced by localized, presumably humoral activation of the phenol oxidase cascade. The melanotic encapsulation of malaria oocysts seen in refractory mosquitoes is thought to result from this mechanism. 3 Biochemical studies on the components of this cascade provide a model for its activation. [10] [11] [12] Normally, phenol oxidase is maintained as an inactive proenzyme either in cells or in hemolymph. It becomes activated by a prophenol oxidase activation enzyme, which also must be activated from an inactive proenzyme. Both the prophenol oxidase activation enzyme and its activator are serine esterases.
Two studies involving mutant Drosophila demonstrated that phenol oxidases and additional enzymes that act subsequent to them in the biochemical pathway leading to melanin production are necessary for melanotic encapsulation. Larval flies lacking or defective in the crystal cell type of hemocyte also lack hemolymph phenol oxidase and do not melanize or harden capsules around eggs of the wasp parasitoid Leptopilina boulardi. 13 Similarly, flies with reduced Dopa decarboxylase because of a temperature sensitive mutation of the Ddc gene also exhibit a reduced melanotic encapsulation response to this parasitoid. 14 In Drosophila, several genes involved in catecholamine metabolism and cuticle formation, including Diphenol oxidase-A2 (Dox-A2) and Ddc, map together in a tightly linked cluster of loci. [15] [16] [17] [18] [19] [20] [21] Drosophila homozygous for semi-viable Dox-A2 alleles have altered catecholamine pools consistent with a defect in phenol oxidase or its regulation, and are incapable of producing melanin. Recessive viable mutant alleles of Ddc and 10 additional genes of the 18 loci in this cluster give rise to melanotic pseudotumors. The tumors found in some of these mutants have been characterized as hemocytes inappropriately encapsulating themselves. 22, 23 Lamellocytes, the hemocytes involved in tumor formation in these Drosophila mutants, are also involved in encapsulation of parasitoids and have been shown to be destroyed selectively by the virus-like particles deposited into the hemocoel with the egg of another parasitoid wasp, Leptopilina heter- otoma. 24 These wasp eggs do not become encapsulated and develop normally.
There is little evidence that hemocytes are involved in the encapsulation of plasmodia by refractory A. gambiae, a species which has very few circulating blood cells. However, it is very probable that humoral encapsulation and hemocytemediated encapsulation require many of the same enzymes. 8, 9 We therefore decided to investigate these enzymes in A. gambiae at the gene level and cloned the Dox-A2 and Ddc genes by virtue of their sequence identity with the Drosophila genes (Romans P, unpublished data). In A. gambiae, under high stringency hybridization conditions, both Dox-A2 and Ddc are single copy genes, as they are in Drosophila. In the G3 standard laboratory line, multiple alleles detected as restriction fragment length polymorphisms (RFLPs) segregate at both loci. The original malaria refractory line is homozygous at both these loci, while a susceptible line is fixed for an alternate allele at each locus. 25 The Dox-A2 and Ddc genes both map to chromosome 3R, 33B by in situ hybridization, and several other genes found in the Drosophila Dox-A2-Ddc gene region are also linked on the same genomic clones, or are cytogenetically nearby. 25, 26 Thus, there is considerable conservation of gene linkage (synteny) between these two evolutionarily distant dipterans for this cluster of functionally related loci.
Because it is possible that either or both of the Dox-A2 and Ddc gene products could be involved in forming the protein-polyphenol melanotic capsules around oocysts in the malaria refractory line of A. gambiae, as could be the products of other tightly linked genes, and because selection for refractoriness apparently also selected for unique alleles at these loci, we asked whether any refractoriness genes are linked to Dox-A2. Results showing that Pif-B segregates independently from this gene cluster have been reported previously. 25 This study tested for linkage between gene(s) on chromosome 3 involved in refractoriness to P. cynomolgi Ceylon and RFLP alleles at Dox-A2, and reveals further aspects of the refractory genotype:phenotype relationship.
MATERIALS AND METHODS
Mosquito lines. The A. gambiae strains used in this study were G3 and the original malaria refractory (R) line selected from it by Collins and others. 1 Strain G3 is a standard laboratory line that has been mass reared at the National Institutes of Health since 1978. Mosquito culture was as described by Vanderberg and Gwadz. 27 The R line is fixed for a 4.3-kb Sal I fragment containing the Dox-A2 gene, whereas the 4.3-kb Sal I fragment and an allelic 3.85-kb Sal I fragment segregate in G3. A susceptible (S) line selected at the same time as the R line is fixed for the 3.85-kb Sal I Dox-A2-containing fragment ( Figure 1 ). 25 Genetic crosses. Crosses were performed as shown in Figure 2 . Females of the R line were crossed with males of the parental G3 line since the S line had been contaminated and was being reselected. The F 1 virgin females were then backcrossed to males of the R line, blood fed, and allowed to lay eggs in individual shell vials. The resulting backcross larvae were reared as individual families until the Dox-A2 genotypes of their mothers had been determined. Larvae with the desired Dox-A2 4.3/3.85-kb Sal I heterozygote mothers were then pooled. After adult eclosion, backcross females were divided randomly into two groups. When they were approximately 13 days old, each group was blood fed on a different anesthetized rhesus monkey (Macaca mulatta) infected with P. cynomolgi Ceylon, a strain that was origi- nally described as a subspecies, P. cynomolgi ceylonensis, by Dissanaike and others. 28 Feedings were carried out between 9:00 PM and midnight when the asexual parasitemia of both monkeys was between 1% and 5%: these conditions reflect standard infection practice, 27, 29 except that the mosquitoes were aged longer than desired until appropriate parasitemia was achieved in the monkeys. The G3 and R line control females, as well as several A. freeborni females 29 were also blood fed on the infected monkeys at the same time to permit monitoring of infection levels. Seven to nine days after the infectious blood meals, midguts were dissected for oocyst counts, while the remainder of each backcross female was frozen in 25 l of DNA extraction buffer (0.1 M NaCl, 0.2 M sucrose, 0.1 M Tris, 0.05 M EDTA, 0.5% sodium dodecyl sulfate, pH 9.2) in a correspondingly numbered 1.5-ml microfuge tube. 25 Under these experimental conditions, approximately 10% of the backcross females died between emergence and blood feeding, and another 10% died between blood feeding and dissection. Oocyst counts and Dox-A2 allele determinations were performed double blind by different investigators and data were assembled subsequently.
Oocyst counts. Mosquito midguts were stained with 2% mercurochrome and examined for numbers of encapsulated and normal oocysts (400ϫ). Dox-A2 allele determinations. All DNA methods were as previously described. 25 The DNA was prepared from individual whole adult females (F 1 ) or whole adult females minus midguts (carcass) in the backcross generation, digested with Sal I, electrophoresed on 0.8% agarose gels, and Southern blotted onto BA-S NC supported nitrocellulose membrane (Schleicher & Schuell, Keene, NH). Blots were hybridized with nick translated pAgDox1A1, washed at high stringency, and exposed to x-ray film for at least five days. pAgDox1A1 is a 4.3-kb Sal I fragment of A. gambiae genomic DNA containing the complete Dox-A2 gene and part of an upstream gene inserted into the plasmid vector pUC19.
Data analysis. We tested for cosegregation of Dox-A2 and refractoriness loci on chromosome 3 by comparing the proportions of encapsulated oocysts in individuals with different Dox-A2 genotypes using the assumption that refractoriness is due to a single genetic locus with a refractoriness allele that segregates in a Mendelian fashion and is completely recessive to the susceptibility allele. We then tested the hypothesis that Dox-A2 4.3 cosegregates with the refractory allele, while Dox-A2 3.85 cosegregates with the susceptible allele. If the Dox-A2 locus segregates independently of the locus governing refractoriness, then the proportions of encapsulated oocysts should be equal in individuals heterozygous or homozygous for Dox-A2 4.3. If the two loci are linked, individuals with the Dox-A2 4.3 marker should have a greater proportion of encapsulated oocysts. Variance components were calculated using PROC VARCOMP and significance was tested using PROC GLM in SAS. 31 To normalize the data, the arcsine of the square root of each proportion was taken prior to analysis.
RESULTS
To determine whether the association between alleles at the Dox-A2 and P. cynomolgi Ceylon refractoriness loci was causal or fortuitous, we performed the crosses outlined in Figure 2 . Control and experimental females fed on the two different P. cynomolgi Ceylon-infected monkeys showed marked differences in infection levels that appeared to depend on the monkey from which they received their infective blood meal. Control G3 females fed on monkey 270 had between 12 and approximately 75 oocysts. None of these oocysts was encapsulated. The group of 98 backcross female progeny of F 1 Dox-A2 4.3/3.85 heterozygous females fed on monkey 270 also showed low oocyst numbers, with only four females having Ͼ 80 oocysts (Figure 3 ). The numbers of encapsulated and normal oocysts and the Dox-A2 genotype of each backcross female are shown in Figure 4 . Approximately half these females appeared to be phenotypically refractory by the criterion that Ͼ 50% of the oocysts were encapsulated. This is the result expected when refractoriness is due to a recessive allele at a single locus.
Control and backcross mosquitoes fed on monkey 474 had much higher oocyst counts. Among 21 G3 controls, one had only 30 oocysts while the rest had from 75 to approximately 350. Six of these control mosquitoes had a small number of encapsulated oocysts. The R line control mosquitoes had similar numbers of oocysts, all of which were encapsulated. The 98 backcross female progeny of F 1 female Dox-A2 4.3/ 3.85 heterozygotes fed on monkey 474 also displayed extremely high infection levels ( Figure 3 ). Only 20 of them had Ͻ 100 oocysts and 19 had Ͼ 300. Similarly to backcross females fed on monkey 270, approximately half the females appeared to be refractory by the criterion that Ͼ 50% of their oocysts were encapsulated. This is also as expected for a recessive gene and the backcross performed. The distribution of Dox-A2 genotypes among these mosquitoes with high oocyst burdens is shown in Figure 5 .
The proportion of encapsulated oocysts was compared among mosquitoes with the two Dox-A2 genotypes (Table  1 ). This analysis allowed us to test the hypothesis that Dox-A2 4.3 cosegregates with refractory allele(s) on chromosome 3, while Dox-A2 3.85 cosegregates with susceptibility allele(s). If alleles at the Dox-A2 locus segregate independently of alleles at the refractoriness loci, then proportions of oocysts encapsulated should be equal in the two Dox-A2 genotypes. Otherwise, the higher proportion of oocysts encapsulated should be associated with the Dox-A2 4.3 marker. Recombination that disrupts cosegregation between Dox-A2 and refractoriness alleles would be confounded with environmental effects on penetrance of the refractoriness phenotype in this analysis. In mosquitoes homozygous for the 4.3 allele, 80% of the oocysts were encapsulated in mosquitoes fed on monkey 474, while 57% of the oocysts were encapsulated on mosquitoes fed on monkey 270, a difference in encapsulation rate of 23%. In mosquitoes heterozygous for the 3.85 and 4.3 alleles, 53% of the oocysts were encapsulated in mosquitoes fed on monkey 474, while 42% were encapsulated in those fed on monkey 270, a difference of 11%.
Encapsulation rates were examined with respect to Dox-A2 genotype, the monkey and the interaction between monkey and genotype by analysis of variance (Table 1) . Residual variance was assumed to be due to environmental effects. For backcross females fed on monkey 474 and exhibiting high infection levels, the Dox-A2 genotype accounted for 20.7% of the variance, a highly significant result (P Յ 0.0001), indicating linkage of a refractoriness gene and Dox-A2. However, Dox-A2 genotype accounted for only 5.6% of the variance in encapsulation found in backcross females fed on monkey 270. This result is still significant (P Յ 0.05). Using the combined data, the Dox-A2 genotype accounted for 12.1% of the total variance, and was highly significant (P Յ 0.0001). These results provide strong support for linkage between at least one refractoriness locus and Dox-A2. The monkey on which an individual mosquito fed accounted for 4.4% of the total variance, and was significant (P Յ 0.05), suggesting that the proportion of oocysts encapsulated by a mosquito is influenced by the host on which she fed. In this analysis, the Dox-A2 genotype x monkey interaction accounted for none of the variance, suggesting that encapsulation rates changed proportionally among mosquitoes with the two different genotypes. The amount of residual variance among mosquitoes with the same Dox-A2 genotype fed on the same monkey accounted for most (86%) of the total variance.
A possible explanation for the inconsistency of linkage results between mosquitoes fed on the two different monkeys and having different oocyst infection levels is that there is a threshold oocyst burden necessary for penetrance of a refractoriness gene linked to Dox-A2. To examine whether there is a threshold and where it might be, we replotted the infection results for the two sets of backcross females as the percent encapsulated oocysts versus the total number of oocysts, identifying each individual by its Dox-A2 genotype. This analysis gave no clear evidence of a threshold, possibly because of the magnitude of the environmental variance.
There was a significant deficit of homozygotes for the 4.3-kb Sal I allele of Dox-A2 in backcross females with both low and high infection levels. At the low infection level, 38 of 98 females were 4.3 homozygotes, a deficit of 23%. At the higher infection level, only 31 of 98 were homozygous, a deficit of 36%. Although these different percentages suggest a negative correlation between infection level and viability of mosquitoes homozygous for gene(s) linked to Dox-A2, a contingency 2 performed on the two data sets suggested that the deficit of the Dox-A2 homozygotes was independent of the infection level ( 2 1 ϭ 0.4; P Ն 0.50).
DISCUSSION
The results of this study indicate that Dox-A2 is linked to a P. cynomolgi Ceylon malaria refractoriness gene that is penetrant when infections result in high oocyst numbers. It is possible that this gene may be the Pif-C defined by Vernick and others, 4 whose experiments were also conducted with mosquitoes having very high oocyst numbers. Under this hypothesis, recombination between Pif-C and Dox-A2 would account for the Dox-A2 4.3 homozygotes with high numbers of normal oocysts seen at high infection levels (Figure 5 ). Though females with low numbers of oocysts are certainly refractory to P. cynomolgi Ceylon, the gene(s) involved are less certainly linked to Dox-A2. If there is more than just a single refractoriness locus linked to Dox-A2, the data are consistent with recessive alleles of two genes being involved in refractoriness to P. cynomolgi Ceylon. If both genes are necessary for refractoriness in females with high oocyst burdens, most likely they are closely linked to each other. Otherwise, we would not have found that 50% of the backcross females with high oocyst numbers were refractory. The gene order is then predicted to be Dox-A2 -Pif-C, the gene responsible for refractoriness at low and high oocyst numbers. Whether the refractoriness genes map proximal or distal to Dox-A2 remains unknown. The A. gambiae linkage map of Zheng and others 32 suggests that the refractoriness locus unambiguously linked to Dox-A2 should map to chromosome 3R, since the centromere is more than 30 cM from the H119 marker in division 35B, while Dox-A2 is even further distal than H119, in 33B. Moreover, this locus is definitely not Pen2 in distal 3L, which maps approximately 55 cM from H119, 7 and even farther from Dox-A2.
Recessiveness usually implies absence of a gene product or haplo-insufficiency for some process. It seems paradoxical that in the R line, refractoriness to P. cynomolgi Ceylon is recessive and yet apparently results in a localized activation of the phenol oxidase cascade and downstream enzymes necessary for melanin production. However, many mutations leading to melanotic encapsulation in Drosophila are also recessive. Mutation of a gene contributing to what is normally a tightly controlled and highly localized phenol oxidase activation may result in enhanced ease of activation. This could have been selected for in nature because even low oocyst burdens are detrimental to the fecundity of female mosquitoes, [33] [34] [35] possibly even more detrimental than the toxicity of highly reactive products of catecholamine metabolism.
An alternative hypothesis could also account for apparent linkage between a malaria refractoriness gene and Dox-A2 in one tested group of mosquitoes but not in the other. Parasite burden may not be responsible for activation of the Dox-A2-linked gene or its product and action in the encapsulation response, but rather, some other quality of the parasites that is dependent on the monkey in which they developed. The monkeys used were not inbred: thus genetic differences in the intermediate host could have been responsible for the observed differences in response of the definitive host to Plasmodium infection.
It is unlikely that differences in blood meal size were responsible for the differences in oocyst numbers for two reasons. First, the two groups of mosquitoes would not have been expected to divide themselves into two practically nonoverlapping infection levels according to the monkey on which they fed. Second, the two groups developed their ovaries to comparable extents: if anything, the females exhibiting high oocyst numbers were more likely to have developed only a few eggs (0-4), an observation consistent with those of Hogg and Hurd. [33] [34] [35] The Dox-A2 4.3 homozygotes were recovered in less than the expected 50% of backcross females at both low and high infection levels. Because the contingency 2 suggested that the deficit was independent of infection level, this should not be a consequence of parasitism per se, unless even a very low level of infection is selectively toxic. More likely, the deficit of Dox-A2 4.3 homozygotes reflects the presence of a closely linked semi-lethal gene. A similar backcross with uninfected females would resolve this issue.
Most backcross mosquitoes examined in similar experiments previously reported in the literature gave encapsulated to normal oocyst ratios that fell close to the graph axes, as they did in Figure 4 . The data in Figure 5 are unusual in that many apparently genetically refractory mosquitoes had a high fraction of unencapsulated oocysts, and were thus incompletely refractory at the phenotypic level. It has been suggested that encapsulation may be a saturable process, 4 and also, that older females are less able to mount the encapsulation response (Gwadz R, unpublished data) . Since the backcross mosquitoes tested in this study were 13 days old at the time of infection, rather that the more ideal 6-8 days, we may have been observing this postulated age effect.
The relevance of the malaria refractoriness gene(s) studied here to vector competence of mosquitoes in nature might be questioned, 36 since our results were obtained under the high parasite burdens achieved in laboratory infections. Infections in nature are most typically 1-2 oocysts, with a small minority of infected mosquitoes having anything close to the numbers of oocysts achieved in our backcrosses. However, West African P. falciparum are not encapsulated by these West African A. gambiae. 1 Thus, it can be argued that coindiginous parasites have encountered this type of refractoriness in their mosquito hosts and have evolved a mechanism of resisting it. Therefore, the genetics and biochemistry of this refractoriness deserve continuing careful study.
This study has raised a number of issues relating to the genetics of P. cynomolgi Ceylon refractoriness in A. gambiae. Future studies will map all loci relevant to P. cynomolgi Ceylon refractoriness in the original and reselected refractory lines using microsatellite markers and QTL analysis. 7, 37 This methodology will also allow simultaneous monitoring of the allele status at Pif-B, an important modifier gene in the original refractory line, and the Pen loci found in L35, for a more detailed understanding of the encapsulation of P. cynomolgi Ceylon and other parasites.
